Neonatal handling permanently alters hypothalamicpituitary-adrenal axis (HPA) function in rats. In the rat, this treatment increases hippocampal glucocorticoid receptors (GR) and dampens plasma ACTH and corticosterone responses to stressors. The objectives of this study were to determine whether neonatal handling of pigs would effect permanent changes in plasma corticosteroid binding capacity (CBG), basal or stressor-induced plasma cortisol and ACTH concentrations, brain or pituitary GR levels, dexamethasone suppression of plasma cortisol and ACTH concentrations, behaviour in an open field-test pen, and body weights. Twelve litters of pigs were randomly assigned to either neonatal handling or no disturbance. Handled litters were removed from the farrowing crate for 10 min per day for the first 14 days of life. Male pigs were kept for the study and the boars were weighed monthly. At 7 months of age, boars were tested for locomotory behaviour in an open field-test pen. The boars were implanted with indwelling ear-vein catheters and blood samples were obtained basally, during and after application of a nose snare, and after 0·04 mg/kg dexamethasone. Boars were killed and blood samples were obtained and the brain and pituitary glands collected. Handled boars had greater (P<0·05) plasma CBG binding and lower basal total (P<0·05) and calculated free (P<0·03) plasma cortisol concentrations. No significant differences between treatments were found in plasma ACTH or cortisol responses to a nose-snare stressor; however, when killed, handled boars had greater (P<0·02) plasma ACTH concentrations. Handled and non-handled boars did not differ in plasma ACTH or cortisol responses to dexamethasone. There was no treatment effect on GR expression in the pituitary gland, frontal cortex, hippocampus, or hypothalamus. Behaviourally, the handled boars had higher (P<0·03) locomotor scores over inner squares and a lower (P<0·05) ratio of outer:inner squares entered in open field-tests. During the first 7 months of life, body weights were lower (P<0·004) for handled boars. In conclusion, neonatal handling permanently altered HPA function in pigs, but in a manner dissimilar to that found in the rat. These changes induced in the pig were not beneficial for commercial production with respect to body weight.
Introduction
In commercial pig production, stress (increased plasma cortisol concentrations) caused immunosuppression (Brown-Borg et al. 1993 , McGlone et al. 1993 , Salak-Johnson et al. 1996 , altered behaviour (Désautés et al. 1997 , Hicks et al. 1998 , reduced feed intake (Hyun et al. 1998) , growth suppression (Ekkel et al. 1995 , Hyun et al. 1998 , Weiler et al. 1998 , and impaired reproductive performance (Hemsworth et al. 1986b , Mendl et al. 1992 . Elimination of all stressors from barns is not possible, therefore manipulations that would dampen the pigs' response to stressors could prove advantageous to production variables.
Experiments performed in the late 1950s and 1960s revealed a permanent effect of handling of neonatal rats on stress responses (Levine 1957 , Levine et al. 1967 , Ader & Grota 1969 , Hess et al. 1969 . Neonatal handling involves separating the litter from the mother for 15 min per day for the first 14 days of life (Meaney et al. 1985b (Meaney et al. , 1988 (Meaney et al. , 1989 . More recently, research has confirmed that, as adults, handled rats responded to stressors with more modest increases in corticosterone and adrenocorticotrophic hormone (ACTH) and a faster return to basal plasma concentrations (Weinberg et al. 1978 , Meaney et al. 1985b , 1989 .
Handled rats had significantly greater (30-40%) glucocorticoid receptor (GR) binding capacity in the hippocampus compared with non-handled rats (Meaney & Aitken 1985 , Meaney et al. 1985a , b, 1989 . This change in hippocampal GR binding capacity resulted in enhanced negative-feedback effects of corticosterone on further activation of the hypothalamic-pituitary-adrenal axis (HPA) (Meaney et al. 1989) .
There has been some preliminary work on the effects of 'neonatal handling' on the behaviour of swine (Hemsworth et al. 1986a , Hemsworth & Barnett 1992 , which involved stroking neonatal pigs that had approached the experimenter. These researchers reported that a critical period existed during the first 3 weeks of life, during which pigs subjected to the 'handling' treatment exhibited a reduced fear response to humans when tested at 24 weeks of age (Hemsworth et al. 1986a) . This suggests that a sensitive period during postnatal development exists in the pig, during which environmental manipulations effect changes in behaviour. Hemsworth et al. (1986a) did not examine the HPA system in their experiments. In addition, the effects of the neonatal handling procedure used in the rat (repeated brief maternal separations) has not previously been examined in the pig. The objectives of the current work were to examine whether neonatal handling would alter HPA function, immunoreactive GR expression, behaviour or body weights in pigs, using the neonatal handling paradigm previously tested in rats.
Materials and Methods

Animals
All experiments were performed under the approval and guidelines of the Canadian Council on Animal Care (1993) . Twelve litters of Large White F1 crosses (gilts purchased from National Pig Development, Saskatoon, SA, Canada) were used, with six litters being randomly allocated to the neonatal handling procedure and six litters being designated as non-handled controls. Litter size was equalized as much as possible and all pigs were earnotched for identification, received iron injections and had milk teeth cut on the day of birth (postnatal day 0). On postnatal day 1, handled litters were removed from the farrowing crate and placed in a straw-lined box. The sows were removed from the farrowing crate and confined in an adjacent exercise pen. The duration of separation was for 10 min daily between 0900 h and 1000 h, for the first 14 days of life. Pigs were weaned at 28 days of age and housed in groups composed of two litters from the same treatment. At 56 days of age, pigs were moved into the grower/finisher area of the facility and housed in genderspecific groups of four. Postpubertal testing of 11 males per treatment began at 7 months of age. Animals were fed commercial swine diets (Quality Feeds, Lacombe, AB, Canada) and water and food were available ad libitum throughout the experiment. After weaning, animals were weighed monthly throughout the experiment.
Open field-testing
At 7 months of age, boars were behaviourally tested for treatment effects, using the open-field test between 1100 h and 1200 h. The open field-test was performed in a 9 m 4 m concrete-floored area enclosed with plywood. The area was marked off into 72 equal-sized squares (0·5 m 2 ) using black spray paint, with the innermost 16 squares scored as 'inner'. A radio was suspended above the inner area and was turned on, tuned to a rock music station, and therefore may have provided a stressor additional to that of the novel environment. The entrance door was continuous with the plywood sheeting and a viewing window was present at one end of the pen, to enable scoring of mobility. A 1-min adjustment period was given once the boar entered the pen and mobility was recorded for 5 min after the initial adjustment period. The number of inner and outer squares entered by the left foreleg was recorded.
Catheterization and blood sampling procedures
After open field-testing, boars were housed in farrowing crates for 5 days before catheterization. Indwelling earvein catheters were implanted 4 days before blood sampling, according to the method of Schaefer et al. (1987) . The rear of the line of crates was covered with black plastic, to provide a visible barrier between the crates and the back alleyway where the individual sampling would be located. Extension lines (220 cm PE 90 tubing, Bekton Dickinson, Bedford, MS, USA) were added to the catheter lines 1 h before sampling and exteriorized through a small hole in the rear blind. For each sample, 2 ml blood were collected on ice in EDTA-coated 6 ml polypropylene tubes that contained 50 µl saturated EDTA and 500 KIU Trasylol (in 50 µl) (Miles Canada, Etobicoke, ON, Canada). Hypovolaemia was prevented by replacing 2 ml saline after each sample was obtained. Blood samples were centrifuged at 1000 g at 4 C for 15 min. Plasma was stored at 80 C until required for analysis.
Basal blood sampling Five days after catheterization, basal blood samples were obtained from undisturbed boars. Boars were given fresh feed at 0600 h and catheter extensions were attached. Sampling times were 0800, 0900, 1000, 1400, 1500 and 1600 h. During this sampling period, no one entered the barn and the sampler remained behind the blind.
Stressor testing Two days after basal sampling, boars were subjected to a mild stressor. Catheter extensions were attached at 1200 h and a pre-stressor blood sample was obtained at 1300 h. At 1400 h, boars to be tested were nose-snared simultaneously for 5 min. Blood samples for the onset and end of restraint were obtained and the barn was vacated. Recovery samples were obtained 20, 60, 90 and 120 min after termination of snaring, from the extension lines behind the blind.
Dexamethasone suppression Two days after the completion of stressor testing, boars were tested for efficacy of negative-feedback using dexamethasone. Boars were given fresh feed at 0600 h and catheter extensions were attached. Boars were injected with 0·04 mg/kg dexamethasone (Merk Frosst Canada Inc., Kirkland, PQ, Canada) via the extension line at 0800 h and the drug was delivered by flushing the line with 5 ml saline. This dose of dexamethasone was previously used to distinguish 'stress-susceptible' from 'stress-resistant' pigs according to the degree of corticosteroid suppression produced (Sebranek et al. 1973 ). Blood samples were obtained from behind the blind at 0900, 1000 and 1100 h, with no one entering the barn from 0700 h until testing was completed.
Killing of adult boars
Four days after completion of dexamethasone-suppression testing, boars were returned to the grower/finisher area and housed singly until they were killed 5 days later. Boars were transported to an on-site meat facility at 0600 h and all animals were killed by 1000 h. Live weights were obtained and the animals were electrically stunned and exsanguinated. Craniotomies were performed using a hand-held circular saw, and the brains were collected, along with the pituitary gland, and snap-frozen in liquid nitrogen and stored at 80 C. Blood was collected from the wound in the neck in 15 ml polypropylene EDTAcoated tubes containing 100 µl saturated EDTA and 1000 KIU Trasylol (in 100 µl), for measurement of plasma cortisol and ACTH.
Plasma corticosteroid-binding globulin assays
Plasma corticosteroid binding globulin (CBG) binding capacity was measured using a method previously described by Martin et al. (1977) . Samples used were those collected on the basal sampling day, and therefore six samples for each animal, collected at 0800, 0900, 1000, 1400, 1500 and 1600 h, were assayed. Endogenous steroid was removed from the plasma by passing a 20 µl aliquot through a 10 cm 1 cm Sephadex LH-20 (Pharmacia, Oakville, ON, Canada) column. Stripped plasma was diluted 50:1 with TEDGM (30 mM Tris, 1 mM EDTA, 1 mM dithiothreitol, 10% glycerol (v/v), 10 mM molybdate, pH 7·4). Diluted plasma (225 µl) was incubated with 150 µl TEDGM containing a saturating concentration (80 nM) of [ 3 H]cortisol (53 Ci/mmol) (Amersham Oakville, ON, Canada) for 90 min at 4 C. Non-specific binding was determined in parallel using a 200-fold excess of cold cortisol. Bound cortisol was separated from free cortisol using 10 cm 1 cm Sephadex LH-20 columns in triplicate for both the specific and non-specific incubations. The bound cortisol was eluted with 500 µl TEDGM into mini-vials and 5 ml Ecolite scintillation cocktail (ICN, Costa Mesa, CA, USA) were added. The [ 3 H]cortisol was counted with a Beckman scintillation counter at 45% efficiency for 5 min per vial. Protein content in the diluted stripped plasma was determined (Bradford 1976) and results were expressed as pmol binding/mg protein.
Free cortisol concentrations were calculated from the total molar concentrations of cortisol and corticosteroid binding capacity as previously reported (Martin et al. 1977) , according to a modification of the mass equation (Plymate et al. 1987) :
where x is the molar concentration of free cortisol, B is the total molar cortisol concentration, K is the association constant of cortisol (3·4 10 8 M 1 ) (Kattesh et al. 1980 ) and CBG, a=B CBG, and b=1/K+CBG+B. Molar CBG used for calculations was the value obtained for each animal during basal sampling for free basal cortisol determinations. Averages of CBG values obtained at 0800, 0900 and 1000 h were used to calculated free cortisol concentrations for dexamethasone suppression tests and at slaughter, because these procedures were performed in the morning. To determine free cortisol concentrations during stressor testing, an average of the 1400, 1500 and 1600 h basal CBG values were used, because stressor testing was performed in the afternoon.
Radioimmunoassays
Plasma cortisol concentrations were measured with GammaCoat Cortisol 125 I RIA Kit (Incstar, Stillwater, MN, USA) using 100 µl plasma. This kit has previously been validated for use with porcine plasma samples (Cook et al. 1996) . The limit of detection of the assays was 2 ng/ml and intra-and inter-assay coefficients of variability were 3·4% and 8·1%, respectively.
Plasma ACTH concentrations were measured by the radioimmunoassay described by Walker et al. (1986) , using 200 µl plasma, [
125 I]ACTH (Incstar, Stillwater, MN, USA), and a specific antiserum (provided by Dr W Engeland, University of Minnesota, Minneapolis, MN, USA) at a final dilution of 1:500. Parallelism was demonstrated and spiked recovery was 98·2%. The limit of detection of the assay was 1 pg/ml. All samples were analysed in one assay and the intra-assay variability was 9·8%.
Western blotting for GR The hypothalamus, frontal cortex, and hippocampus were dissected from frozen whole brains on a randomly chosen subset of boars (n=6 handled and n=6 non-handled). Brain tissue was allowed to come to approximately 20 C and tissue was dissected using ice-cooled tools. Tissue samples were then ground to a powder in liquid nitrogen. Whole-cell extracts and western blotting were performed by means of a technique previously used in our laboratory. Briefly, powdered tissue was homogenized on ice in 3 vol cold TEDGM containing 0·4 M NaCl and protease inhibitors (3·5 µg/ml aprotinin, 0·4 mg/ml 4-(2-Aminoethyl)benzenesulfonylfluoride, 1 µg/ml leupeptin and 1 µg/ml pepstatin). The homogenates were centrifuged at 100 000 g for 45 min at 4 C and the supernatant was collected on ice and frozen at 80 C. Protein concentrations were determined using the Bradford assay (Bradford 1976) . Western blotting for GR was performed using 50 µg protein electrophoretically separated in Novex (Helixx Technologies, Scarborough, ON, Canada) precast 4-12% (w/v) Bis-Tris NuPAGE gels. Proteins were transferred to polyvinylidene difluoride membranes (Helixx) and a 1:500 dilution of the primary antibody (anti-GR antibody No. 51 from Affinity BioReagents, Denver, CO, USA) was incubated with the membranes at 5 C overnight. Detection of immunoreactive GR was accomplished using chemiluminescence via a horseradish peroxidase-linked secondary antibody and the enhanced chemiluminescence detection system (Amersham, Amersham, Bucks, UK). The intensity of bands was analysed using relative optical densities derived from a computer-assisted densitometry program (MCID Systems Imaging Research, St Catharines, ON, Canada). A polyclonal (rabbit) anti-chicken tubulin antibody (Sigma, Oakville, ON, Canada) was used to ensure equivalent loading among samples on the blots. All western blots were performed at least in duplicate.
Statistical analysis
Statistical analysis was performed using the SuperANOVA StatView software package from Abacus Concepts (Berkeley, CA, USA). Data are presented as means with standard errors of the means. Plasma total and calculated free cortisol, ACTH and CBG data obtained from basal samples, stressor testing and dexamethasone suppression tests, and body weights, were analysed using one-factor ANOVA with a repeated measures factor (time of sample) within each treatment. At various sampling times, some catheters were non-functional because of the inability to adjust catheters during remote sampling; therefore the number of animals from which plasma samples were obtained during each test is reported at the bottom of the respective graphs. Open field-test data and plasma hormone concentrations at the time of sacrifice were analysed using unpaired Student's t-test. Figure 1 shows the basal plasma hormone and CBG concentrations measured. No significant effects of treatment or time treatment interactions were detected for basal plasma ACTH concentrations (Fig. 1a) . A significant (P<0·002) effect of time was detected such that plasma ACTH concentrations decreased over time. Handled boars had lower (P<0·05) basal plasma cortisol concentrations (Fig. 1b) . There was a significant (P<0·003) effect of time, but no significant treatment time interactions for plasma cortisol concentrations. Handled boars had greater (P<0·05) CBG binding (Fig. 1c) , with no significant effects of time or time treatment interactions. Plasma free cortisol concentrations, calculated from plasma CBG concentrations, were lower (P<0·03) in handled boars (Fig. 1d) , with no significant time treatment interactions.
Results
HPA function
A 5-min snaring stressor resulted in no significant effect of treatment or treatment time interactions on plasma ACTH concentrations; however, handled boars tended to have greater (P<0·11) plasma ACTH concentrations (Fig. 2a) . No significant effects of treatment were found for stressor-induced plasma total or calculated free cortisol concentrations (Fig. 2b and c, respectively) . At the time of slaughter, handled boars had greater (P<0·02) plasma ACTH concentrations (Fig. 3a) , whereas there was no significant effect of treatment on plasma total or calculated free cortisol concentrations (Fig. 3b) .
No significant treatment effects or treatment time interactions were found for dexamethasone-induced suppression of plasma ACTH, cortisol or calculated free cortisol concentrations (Table 1 ). The lack of difference in negative-feedback was also reflected in the lack of treatment effects on immunoreactive GR concentrations in the pituitary gland or any brain region examined (Fig 4) .
Behaviour
Neonatal handling resulted in greater (P<0·03) locomotor scores over inner squares, with no significant effect of treatment on either total locomotion or locomotion over outer squares (Fig. 5a ). The ratio of outer:inner squares entered was lower (P<0·05) in handled than in nonhandled boars (Fig. 5b) , indicating an effect of the treatment on the pattern of locomotion.
Body weight
Handled pigs had lower (P<0·004) body weights (Fig. 6 ) and no significant time treatment interaction was detected. This suggested that reduced body weights occurred throughout the 7-month period, rather than specifically early in life. Birth weights did not differ significantly between handled and non-handled boars (data not shown), and were expected to have confounded the treatment effects on body weight.
Discussion
Neonatal handling did not produce the same changes in HPA function in the pig as it did in the rat. There was no effect of handling on cortisol responses to stressors, or on hippocampal GR levels in boars. However, neonatal handling did cause permanent changes in HPA function in these pigs, with increased CBG binding, decreased basal plasma total and calculated free cortisol concentrations and increased plasma ACTH concentrations at the time of death. We also found that neonatally handled boars could be distinguished behaviourally from non-handled boars, by their greater locomotion within the inner squares in an open field-test; this was also noted in rats (MJ Meaney, unpublished observations). The effects of neonatal handling on HPA profile and behaviour were accompanied by reduced body weights in handled pigs. In terms of commercial production, the neonatal handling resulted in boars that performed poorly with respect to the production variable of body weight. An important finding that emerged from the current work was that the effects of neonatal handling in pigs were permanent, in that differences in HPA function were present at 7 months of age. To our knowledge, this is the first report of permanent effects of postnatal environmental manipulations on NPA function in boars.
One effect of neonatal handling in boars was a significantly greater plasma CBG binding compared with that in non-handled boars. Chronic stress or chronic ACTH/ corticosterone injections have been reported to reduce plasma CBG concentrations in rats (Armario et al. 1994 , Spencer et al. 1996) . In pigs, chronic hydrocortisone acetate infusions also reduced plasma CBG in primiparous pigs (Behrens et al. 1993 , Madej et al. 1997 . In rats, adrenalectomy resulted in increased plasma CBG concentrations (Dallman et al. 1987 , Levin et al. 1987 ; however, the effects of adrenalectomy on plasma CBG in pigs are not known. In the current study, handled pigs had significantly lower total plasma cortisol concentrations under basal conditions; however, whether these reductions in cortisol are the basis for the increase in CBG concentrations seen in the handled boars is not known.
Handled boars had lower basal plasma cortisol concentrations, but did not differ from non-handled boars in their basal plasma ACTH concentrations. At the time of killing, handled boars had greater plasma ACTH concentrations but, again, did not differ from non-handled boars in plasma cortisol concentrations. These data are suggestive of a dysregulation of ACTH-induced cortisol release from the adrenal gland in handled boars. Pharmacogenetically apomorphine-susceptible rats exhibited increased plasma CBG concentrations, a greater ACTH response to stressors and reduced adrenal responses to exogenous ACTH (Rots et al. 1995) compared with apomorphine-unsusceptible rats; these data resemble our findings in the handled and non-handled pigs. The possibility exists that the relatively greater concentrations of ACTH released during stress responses in handled boars had a cumulative effect over time, which resulted in down-regulation of adrenal ACTH receptors and subsequent reductions in adrenal sensitivity to ACTH. Handled boars also had greater plasma ACTH concentrations at killing and there was a trend towards greater plasma ACTH concentrations at 0800 h basally and during snaring. The differences in peak ACTH were not a function of feedback differences via changes in brain or pituitary GR levels, as we found no treatment-related differences in this receptor in any brain region examined. The measurement of GR in adults used a whole-cell extraction procedure, therefore immunoreactive GR concentrations represent the total GR present except for 10% of the nuclear fraction and are not expected to be confounded by differences in plasma cortisol concentrations (Dong et al. 1988) . Viau & Meaney (1991) have reported that rats with low concentrations of testosterone had greater plasma and pituitary CBG binding, which resulted in a reduction in negative-feedback-induced inhibition of further ACTH release during restraint stress. This decrease in negativefeedback effects of corticosterone is mediated by the binding of glucocorticoids to pituitary CBG rather than binding to cytosolic GR receptors in the pituitary gland (De Kloet et al. 1975 , Koch et al. 1979 . This, in turn, then resulted in increased ACTH release upon exposure to stressors (De Kloet et al. 1975 , Koch et al. 1979 , Viau & Meaney 1991 . It is not known whether CBG is present in the pituitary gland of the pig or whether it is positively correlated to plasma CBG as has been reported in the rat (Viau & Meaney 1991) . We suggest that the increased plasma CBG in handled boars could lead to increased pituitary CBG and therefore reduced binding of cortisol to the cytosolic GR. Concomitant reductions in negativefeedback-induced suppression of further ACTH release during stress would occur, and result in a greater plasma ACTH response to severe stressors. In addition, our test of efficacy of negative-feedback using dexamethasone was designed to test for differences in feedback induced by changes in GR, primarily in the pituitary gland (McEwen 1977 , Challis et al. 1995 . The use of dexamethasone Figure 3 Handled boars had greater plasma ACTH concentrations when they were killed at 7 months of age. Plasma total or calculated free cortisol concentrations did not differ significantly as a result of neonatal treatment. Data from 11 handled and 11 non-handled boars. (a) Plasma ACTH. (b) Plasma total and calculated free cortisol. *P<0·02 compared with non-handled. would not reveal any putative differences in pituitary CBG-mediated negative-feedback effects, as CBG does not bind dexamethasone (De Kloet et al. 1975) . It remains to be determined whether cortisol-mediated negativefeedback differs between handled and non-handled boars via altered CBG content in the pituitary gland.
Behaviour of pigs in an open field-test has been used to examine behaviour in a variety of studies (Fraser 1974 , Lathrop & Friend 1986 , Von Borell & Ladewig 1992 . The current data revealed that handled boars entered more inner squares of an open field-test pen than did non-handled boars. This was not a reflection of increased total mobility, as the ratio of outer:inner squares entered was significantly lower in handled boars, indicating that a larger proportion of their ambulations were spent in the inner squares. The analysis of patterns of locomotion (inner or outer squares) represents an improvement in open field-testing in which increased locomotion over inner squares has been shown to be indicative of reduced anxiety in rats (Ramos & Mormede 1998) . Whether mobility over inner squares is reflective of anxiety levels in the pig remains to be determined.
A consequence of neonatal handling in boars was reduced body weight over the first 7 months of life. Neonatal handling may have induced repeated cortisol release and subsequently supressed growth rates in these boars. It has been established previously that adult pigs with greater cortisol responses to stressors, or pigs subjected to chronic stress, have reduced body weights (Ekkel et al. 1995 , Hemsworth et al. 1996 , Hyun et al. 1998 . Weiler et al. (1998) compared basal (0900 h) plasma cortisol and body weights for three different breeds of pigs and found that the greatest growth rates were found in the breed with the lowest basal plasma cortisol concentrations. Our results are in contradiction to those of Weiler et al. (1998) ; however, the lowest basal plasma cortisol concentrations they reported were 26 ng/ml, and values in breeds with increased cortisol and reduced growth rates were in the range of stressor-induced cortisol concentrations we are reporting. It may be that, in animals studied by Weiler et al. (1998) , the basal values were actually stressor-induced values. Levis et al. (1995) reported basal plasma cortisol concentrations of approximately 12 ng/ml at 0900 h in remote-sampled boars; these are similar to our values of 12-16 ng/ml, which are substantially lower than those reported by Weiler et al. (1998) . In both the present findings and the work of Levis et al. (1995) , blood samples were obtained via remote sampling with a barrier between the boars and the person collecting the sample. In our work, the stressor-induced cortisol concentrations did not differ between treatments and yet body weights did.
Replacement of corticosterone at varying doses in adrenalectomized rats has revealed a biphasic doseresponse curve for body weight gain, with low doses resulting in lower body weight and progressively greater doses resulting in increased body weight up to a point at which greater doses caused a suppression of weight gain (Akana et al. 1985 , Devenport et al. 1989 . The increasing body weights, associated with increasing corticosterone concentrations, were associated with mineralocorticoid receptor occupation, whereas catabolic effects were associated with GR occupation (Devenport et al. 1989 , Devenport & Smith 1992 . It is not known whether these relationships also exist in the pig and, if so, whether the differences in basal cortisol concentrations we have measured would cause the differences in body weights that we observed.
In the rat, the alterations in interactions between the mother and the offspring were key to the neonatal handling effect. Mothers of handled litters licked and groomed their pups with greater frequency than mothers of non-handled litters (Lee & Williams 1975) . Lui et al. (1997) have shown that mothers who exhibited high levels of licking and grooming and arched-back nursing had offspring that, as adults, had increased hippocampal GR and decreased plasma ACTH and corticosterone responses to stressors, similar to those in neonatally handled rats. Therefore, in rats, the effects of neonatal handling appear to be mediated by changes in maternal behaviour. Sows do not have such intense tactile interactions with their young. In addition, sows in restrictive farrowing crates have been observed to exhibit reduced piglet-directed behaviours compared with sows in a larger paired-pen system (Cronin et al. 1996) . It is unknown whether there are qualitative differences in mother-infant interactions that are important for HPA development in pigs, and to what extent these behaviours may be prevented by restrictive housing or modified by neonatal handling.
Species differences may exist in temporal susceptibility of various components of the HPA system to environmental regulation. In the pig, basal plasma total cortisol concentrations do not differ between postnatal days 3 and 42 (Kattesh et al. 1990) , whereas plasma total cortisol concentrations are increasing over this period in the rat (Meaney et al. 1985b) . In addition, the rat shows a stress hyporesponsivity during the first 2 weeks of life compared with the plasma corticosterone and ACTH responses to identical stressors in adult rats (Shapiro et al. 1962 , Walker et al. 1991 , Viau et al. 1996 . To our knowledge, the existence of a stress-hyporesponsive period in neonatal pigs, compared with adult pigs, has not been examined. Plasma CBG concentrations increase during the first 3 weeks of life in the rat (Smith & Hammond 1991) ; in the pig, CBG-bound cortisol also increases over this period of development (Kattesh et al. 1990 ). In the rat, GR levels throughout the cortico-limbic system are low during the first 2 weeks of life and increase to adult levels by the third week of life (Olpe & McEwen 1976 , Meaney et al. 1985b ). In the pig, the temporal characteristics of neural GR development are not known and, to our knowledge, we are the only group to report the presence of immunoreactive GR in the porcine brain (Weaver et al. 1995, SA Weaver, AL Schaefer & WT Dixon, unpublished observations) . It may be that adult levels of hippocampal GR are present by the time of birth in the pig and therefore are not altered by neonatal handling, unlike the conditions in the rat. Differences between the rat and pig in the development of their HPA could therefore account for the unique HPA profile generated by neonatal handling in the pig.
In conclusion, we have provided evidence for permanent effects of neonatal handling on HPA function in boars. Handled boars exhibited increased CBG binding, which we suggest impaired pituitary-mediated negativefeedback, with the result that these animals had a greater release of ACTH at slaughter. Decreased basal cortisol concentrations in handled boars may have resulted from adrenal insensitivity to ACTH caused by cumulative effects of greater ACTH responses to stressors in handled boars. Concomitant with the alterations in the HPA system, the handled boars had decreased body weights compared with non-handled boars. With respect to behaviour, neonatal handling altered the pattern, but not the total amount, of locomotion in an open field-test pen. It can be summarized that there is a sensitive period during early postnatal development in the pig, during which environmental manipulations can result in permanent changes in HPA function, behaviour, and body weight.
